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In pharmaceutical development many questions still remain unsolved despite the availability 
of many analytical techniques. Consequently, the need of novel analytical approaches is not 
yet satisfied. In this thesis, confocal Raman microscopy is utilized to fill the scientific gap. In 
fact, the benefit of this non-destructive, label-free visualization technique for profound analysis 
in complex pharmaceutical applications is successfully demonstrated. 
The impact of drying on drug distribution is proven by localizing the drug in wet-extruded pellets 
with Raman imaging. Additionally to this finding, the correlation between drug distribution and 
release is successfully elucidated. For the first time, confocal Raman microscopy is combined 
with optical profilometry. Thus, the limitations of the confocal microscope are overcome and 
all-encompassing component visualization in complex drug delivery systems exhibiting 
challenging structured surfaces is realized. During development of a lipid-based drug 
permeation model, the successive formation of the permeation barrier during coating is finally 
described using Raman analysis. Investigations benefit tremendously from a combination of 
chemical imaging in lateral and vertical planes to depict barrier integrity and stability. Finally, 
human cells as well as the uptake of different nanoparticles are analyzed label-free in aqueous 
environment, utilizing linear and coherent Raman techniques. 
 
 




In der pharmazeutischen Entwicklung bleiben trotz der Verfügbarkeit diverser analytischer 
Techniken viele Fragestellungen unbeantwortet. Daher ist die Etablierung neuer analytischer 
Ansätze notwendig. Diese Arbeit beschäftigt sich mit konfokaler Raman-Mikroskopie als 
Möglichkeit, die Lücke zu schließen. Die Eignung dieser zerstörungs- und label-frei 
arbeitenden Technik zur differenzierten Probenvisualisierung für diverse pharmazeutische 
Fragestellungen wird erfolgreich demonstriert. 
Der Einfluss vom Trocknungsprozess auf die Wirkstoffverteilung im Pellet wird durch 
Lokalisation des Wirkstoffs mittels Raman Imaging belegt. Dadurch wird auch die Korrelation 
zwischen Wirkstoffverteilung und Freisetzung aufgeklärt. Erstmals wird konfokale Raman-
Mikroskopie mit optischer Profilometrie kombiniert. Es werden komplexe 
Arzneistoffträgersysteme mit strukturierten Oberflächen detailliert dargestellt, ohne durch das 
konfokale Mikroskop eingeschränkt zu sein. Durch Abbildung der einzelnen Coatingschritte in 
chemisch selektiven Raman-Bildern in der Entwicklungsphase eines lipidbasierten 
Permeationsmodells wird der sukzessive Aufbau der Permeationsbarriere erstmalig 
nachvollzogen. Die prozessbedingte ungleiche Dicke der Barriere sowie deren Integrität 
werden erfolgreich durch die Aufnahme von virtuellen Querschnittsbildern abgebildet. Darüber 
hinaus werden humane Zellen und die Aufnahme von Nanopartikeln label-frei mit linearen und 
kohärenten Raman-Techniken in wässrigem Medium untersucht. 
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Constant progress in pharmaceutical sciences regarding the improvement and new 
development of drug delivery systems as well as in vitro test systems necessitates a 
simultaneous advancement in analytics as well. Here, analytical techniques with high flexibility 
and versatility without sacrificing high-precision detection especially for visual sample 
examination are beneficial to be established in the pharmaceutical context. Confocal Raman 
microscopy represents such a highly qualified analytical technique. It combines a label-free, 
non-destructive working principle with chemically selective, high-resolution visualization for 
contactless analysis. 
1.1 Basic Principles of Raman Spectroscopy 
Raman spectroscopy is based on the detection of scattered light occurring upon the irradiation 
of a sample with monochromatic light. The majority of scattered light is generally scattered 
elastically. This is referred to as Rayleigh scattering and the scattered light has the same 
frequency as the incident light (Figure 1). However, a small portion of the light is scattered 
inelastically at a different frequency than the incident light. This event is called spontaneous 
Raman scattering or Raman effect, named after the Indian Physicist Sir C. V. Raman, who 
was awarded the Nobel Prize in 1930 for this discovery. [1] 
If a photon strikes a molecule in its ground state, a part of its energy can be transferred to the 
molecule allowing it to change its excited state. Thus, the photon loses a portion of its energy 
and is scattered at a longer wavelength compared to the incident photon (red shift). This is 
called Stokes scattering (Figure 1). In contrast, light interacting with a molecule which is in an 
already excited vibrational state will be scattered at shorter wavelength (blue shift). This 
opposite event is referred to as anti-Stokes scattering.  
 
Figure 1. Energy level diagram of Rayleigh, Stokes and anti-Stokes scattering. The Raman 




The frequency shift between incident and scattered photon is equal to the frequency of the 
vibrational mode of the chemical moiety in the irradiated molecule. The resulting frequency 
difference is displayed in the Raman spectrum by plotting wavenumbers (reciprocal 
wavelengths) against the intensity of the scattered radiation (Figure 2). A Raman spectrum 
can be split into three parts. [2] Peaks at frequencies below 1800 cm-1 are highly specific for 
functional groups. Therefore, this region is referred to as the fingerprint region of the Raman 
spectrum. As barely any molecular bonds oscillate between 1800-2600 cm-1, this spectral 
region is termed silent region. The high frequency region located above 2600 cm-1 is dominated 
by vibrations arising from carbon-hydrogen groups. Based on substance specific scattering, 
Raman spectroscopy is suited for chemically selective detection, enabling label-free 
compound identification. 
 
Figure 2. Exemplary Raman spectrum of a chemical compound. The fingerprint region is 
highlighted in blue, the silent region in yellow and the high frequency region in green. 
The Raman activity of a compound is determined by its change in polarizability upon interaction 
with the alternating field of laser light (electromagnetic field). The more elastic the electron 
cloud of the molecule, the higher the Raman activity. 
In spontaneous Raman spectroscopy, Stokes scattering is predominantly detected, as anti-
Stokes scattering occurs rarely because the chance of striking a molecule in an excited 
vibrational state is low. Nevertheless, the overall probability of observing Raman scattering is 
by far lower than for example the observation of fluorescence. However, significant 
advancements in lasers and detection technology have made Raman spectroscopy an 
effective analytical tool. 
1.2 Confocal Raman Microscopy for Chemical Imaging 
The combination of Raman spectroscopy with optical microscopy is entitled Raman 
microscopy. Thereby, chemically selective detection is united with spatially resolved analysis. 
The center piece of a Raman microscope is a conventional optical microscope as sampling 
device. It is equipped with a laser light source and a detection unit composed of a spectrometer 
and a detector. The laser light is focused onto the sample through an objective and the 
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scattered light is detected to record the Raman spectra. By implementing a confocal 
microscope, out-of-focus light is rejected by the pinhole. Thereby, lateral and more importantly 
depth resolution of the Raman microscope increase and background signals are effectively 
reduced. The spot size of the irradiated volume defines the spatial resolution of the confocal 
Raman microscope. As shown in the Abbe equation (Equation 1) this diffraction limited spot 
size (d) is determined by the excitation wavelength (λ) and the numerical aperture (focal length, 
NA) of the objective. [3] 
݀ ൌ  ߣʹܰܣሺܧݍݑܽݐ݅݋݊ͳሻ 
Confocal Raman microscopy delivers spatially resolved chemical information of a sample by 
probing intrinsic properties of the molecules while irradiating the sample with monochromatic 
laser light. Subsequently, a color-coded distribution map of the sampled area can be generated 
from the recorded spectral data set to elucidate the composition of the sample. The color-code 
assigned to a spectral band of a component is depicted as image pixel which represents the 
spatial element in the false color map equal to the location from which the Raman spectrum 
was recorded. This is referred to as chemical imaging. 
The principal procedure of creating a chemical image is schematically illustrated in Figure 3. 
Exemplarily, an extrudate composed of an active pharmaceutical ingredient (API) embedded 
in a lipid matrix is shown. The Raman spectra are recorded by stepwise rasterizing the sample 
with laser light. Next, a different color is assigned to the spectrum of each component. In this 
case, the lipid matrix spectrum is depicted in blue, whereas the API’s Raman spectrum is 
portrayed in red. All spectral data points recorded from the sample represent one or the other 
compound. Thus, each spectrum is translated into an image pixel with the aforementioned 
color classification. Thereby, two separate false color images are constructed, each 
representing one compound within the extrudate cross section. By merging the two images, 
an overview of the component distribution within the drug delivery system is obtained.  
 
Figure 3. Schematic illustration of the sequentially performed steps to create a false color map 
from a Raman spectral data set. Spectra assigned to API are depicted in red, whereas Raman 
spectra assigned to the lipid matrix are shown in blue. This figure was first published in 
TechnoPharm 3, No. 3 (2013) 146-149 and is reprinted with permission. [4]   
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Chemical images can be acquired by point mapping, line scanning or global illumination. While 
the latter requires no sample transition, this is needed for point mapping and line scanning. [5] 
Here, the sample is moved through the focal point of the probing laser beam in a predefined 
raster in order to collect the spectra from the individual sample positions. Consequently, the 
terms ‘imaging’ (stationary sample) and ‘mapping’ (sample transition) are discussed 
controversially although they are generally used synonymously. [6-8] 
The recorded hyperspectral data set contains manifold information about pixel coordinates 
where the spectra were collected, the wavelength as well as the intensity of the scattered 
radiation. Thus, the transformation from a spectral data set to a color-coded image 
necessitates the processing of the acquired raw data. The first step is often referred to as pre-
processing and aims at removing spectral artefacts originating from experimental conditions. 
[5, 9, 10] For example, Raman peaks generated by cosmic rays are eliminated from the data 
set. Further, the baseline of the spectra is corrected by reducing the background noise. 
Additionally, the sample surface texture may lead to the detection of varying spectral intensities 
across the sample. To account for this, the scattering intensity may be normalized. 
The pre-processed spectral data set is then further processed by chemometric tools to 
generate the color-coded chemical image. Univariate methods only consider one component 
and require therefore a component specific spectral band which is preferably rather prominent 
in the spectrum. More importantly, it cannot be masked or interfered by any other compound 
in the sample. Either the position, the intensity (height) or the area (integral) of the identified 
band in combination with the spatial coordinates are the basis for constructing the map. In 
contrast to univariate data analysis, the multivariate approach employs all spectral information 
from the data cube. [9, 11] The scores or parameters which are yielded for each Raman 
spectrum by these multivariate methods are subsequently plotted as a function of the spatial 
coordinates of each spectrum in the sample. [9] The most prominent algorithms comprise two 
complementary approaches. Cluster algorithms sort all spectra of the data set based on 
similarity of the spectra, whereas unmixing algorithms are sorting according to greatest 
dissimilarities finding the most extreme spectra. In multivariate data analysis the algorithms 
can work supervised or unsupervised. The latter is impossible for univariate methods, as 
comparison with reference data is necessary to identify the component specific spectral 
band. [5, 9] Especially for the analysis of low content samples, multivariate processing is 
needed as shown in an imaging study by Šašić et al. [12] Here, univariate methods failed to 
construct reliable chemical images of low alprazolam loaded tablets as the drug’s Raman 
signal was too weak. 
Further spectroscopic techniques which are also suited for chemical imaging are infrared 
microscopy and fluorescence microscopy. Infrared microscopy is another vibrational 
spectroscopic technique. Unlike confocal Raman microscopy it is based on light absorption 
and not on scattering (Figure 4). When referring to IR spectroscopy, it has to be differentiated 
between near and mid infrared spectroscopy. While near infrared light (λ = 800 nm - 2,5 μm) 
excites vibrational overtones and combinations of vibrations which lead to broad and 
overlapping spectral bands, mid infrared light (λ = 2,5 – 50 μm) generates sharp individual 
bands. The most prominent example to demonstrate the difference between IR and Raman 
spectroscopy is the water molecule. The water molecule is a strong dipole. It shows an intense 
IR activity. The water absorption band covers nearly all other IR bands in the spectrum and 
impedes IR analysis of other molecules in aqueous surroundings. As Raman scattering 
depends on a change in polarizability of the molecule and not on a change in dipole, Raman 
microscopic investigations of wet samples or in aqueous surroundings are feasible. 
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Consequently, strong IR activity is often equal to weak Raman activity and vice versa. 
Furthermore, the resolution in confocal Raman microscopy is superior to IR microscopy due 
to the long excitation wavelength necessary for IR investigations. [13] 
The chemical selectivity of fluorescence microscopy is based on the detection of emitted light 
(Figure 4) which originates in the majority of cases from a marker molecule that has been 
linked to the compound of interest and not from the constituent itself. However, the labeling 
process represents both, the up- and downside of the technique. On the one hand, it provides 
the great opportunity for differentiated sample visualization, which made fluorescence 
microscopy the state-of-art analytical technique for biological applications. On the other hand, 
labeling of molecules bears the risk of altering their physicochemical properties leading to data 
misinterpretation. Further, the fluorophore might not sufficiently bind to the target molecule and 
migrate within the sample. In general, the number of analytes is limited to the microscopic 
setup, as each analyte requires a different excitation wavelength in order to detect multiple 
compounds simultaneously. Moreover, many fluorescent dyes are susceptible to photo-
bleaching hampering long term analysis. Nevertheless, some components fluoresce 
intrinsically and can be probed directly. When a sample with an autofluorescent component is 
investigated by spontaneous Raman microscopy, Raman bands are generally obscured, 
because the autofluorescence of a molecule is much stronger than its Raman scattering 
intensity. By increasing the excitation laser wavelength, the chance of exciting fluorescence 
decreases, because the energy of the incident photon is reduced. Thus, the excitation to the 
higher electronic energy state causing fluorescence becomes less likely. Further, photo-
bleaching or quenching are alternatives to circumvent intruding fluorescence during Raman 
analysis.  
 
Figure 4. Energy level diagrams of IR and NIR absorption and fluorescence. 
Other techniques, which are often employed to depict pharmaceutical samples, are atomic 
force microscopy (AFM) and scanning electron microscopy (SEM). Both of them do not offer 
chemically selective visualization of the complex composition of samples, but provide 
morphological information with extreme high resolution in the low nanometer range. However, 
they are restricted to the analysis of outer surfaces. Whereas AFM enables direct sample 
analysis on a very small scale, samples for SEM analysis generally have to be sputter-coated 
first. Consequently, the sample in its native state cannot be analyzed repeatedly as the applied 
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metal layer impairs subsequent processing steps. Both AFM and SEM have been successfully 
combined with Raman microscopy. The analytical AFM - Raman combination is known as tip-
enhanced Raman spectroscopy (TERS), whereas only recently a correlative microscope for 
SEM and Raman analysis was introduced to the market. 
Overall, spontaneous confocal Raman microscopy represents an advantageous and highly 
beneficial alternative to established analytical techniques or complements them. In contrast to 
staining or sputter coating processes, confocal Raman microscopy requires little if any sample 
preparation. It is based on a non-destructive working principle and allows repeated 
examination. Here, analysis in not limited to external areas, as virtual planes can be spanned 
through the sample depending on its opacity. Consequently, consecutive steps such as 
multiple processing steps can be monitored in air as well as in aqueous surroundings. 
Nevertheless, the acquisition of spectral data sets using spontaneous confocal Raman 
spectroscopy can be time consuming due to the rare occurrence of Raman scattering. Here, 
non-linear Raman technologies such as stimulated Raman spectroscopy (SRS) and coherent 
anti-Stokes scattering (CARS) microscopy are alternatives. The linear correlation of incident 
light and scattering intensity in spontaneous Raman scattering is abolished, as multiple 
photons are involved in generating these non-linear processes. As a consequence, the 
probability of light scattering increases and the Raman signal is enhanced reducing the time 
for analysis. 
In SRS, two laser beams at different frequencies (ω pump and ω Stokes) are irradiating the sample. 
The excitation of a vibrational transition is stimulated when the frequency difference 
corresponds to a molecular vibration of the sample. The SRS signal is detected as a loss or 
gain in energy of one of the incident laser beams. 
In CARS microscopy the probed anti-Stokes scattering is detected. It is generated in a four 
photon process (Figure 5). Two laser beams irradiate the sample with photons at different 
frequencies (ω pump and ω Stokes) simultaneously. A third photon, which is usually of the same 
frequency as the pump photon and therefore originating from the same source, interacts with 
the molecule as well and the anti-Stokes photon as the fourth photon is generated. When the 
frequency difference between the pump photon and Stokes photon coincides with a molecular 
vibration of the sample, the CARS signal is resonantly enhanced. This process is coherent as 
all transitions are driven. 
Figure 5. Energy level diagram of the CARS signal generating process. 
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As the frequency difference is tuned to coincide with a specifically chosen vibrational 
resonance, different molecules of interest can be visualized instantaneously. This is 
exemplarily demonstrated by CARS imaging of a transparent polymeric bead mixture 
composed of polystyrene and polymethylmethacrylate (PMMA) beads at different Raman shifts 
shown in Figure 6. The surrounding structure is revealed by a non-resonant background which 
accompanies the CARS signal. The spectral information is reduced in CARS imaging because 
only one vibrational resonance is probed at a time. In contrast to long integration times in 
spontaneous Raman microscopy where the full spectral information is collected, this spectral 
expense facilitates fast image acquisition up to video rate. Consequently, in situ processes in 
a sample can be visualized. The signal-generating process makes non-linear Raman 
techniques inherently confocal, and fluorescence is not interfering. 
 
Figure 6. Chemically selective CARS images of a transparent polymeric bead mixture. 
Polystyrene beads (left panel) and PMMA beads (right panel) are depicted with high precision. 
Depending on the sample and the focus of investigation, different variations of Raman 
microscopy are available for chemical imaging. Regular confocal Raman microscopes have 
become commercially available due to immense technical progress ever since a first self-built 
regular confocal Raman microspectrometer was reported in 1990. [14] Although the Raman 
effect was described as early as 1928 [1], non-linear Raman techniques such as CARS and 
SRS were first reported as early as 1982 and 2007, respectively. [13, 15] These microscopes 
are still predominantly reserved to specialized laboratories, which limits their availability to the 
general research community. However, the techniques are on the verge of being marketed 
commercially besides their linear counterpart. 
1.3 Pharmaceutical Applications of Confocal Raman Microscopy 
The variety of pharmaceutical samples is large. It reaches from classic oral solid dosage forms 
like tablets to modern drug delivery systems on the nanometer-sized scale. Cell culture based 
and artificial in vitro test systems are comprised as well as drug coated medical products. As 
a versatile analytical technique, confocal Raman microscopy is generally suited to cover this 
manifold sample spectrum. However, its application only started to emerge in the 
pharmaceutical community over the last decades. This is mainly due to the immense progress 
in laser technology and the development of sensitive detection units, which led to the 
commercial availability of confocal Raman microscopes and therefore to a greater access to 
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Raman analysis. Despite the longtime utilization of Raman spectroscopy, confocal Raman 
microscopy has not yet become a standard analytical technique.  
One crucial parameter hampering a broad use is the challenging interpretation of the spectra. 
For confocal Raman microscopy, the recorded hyperspectral data set requires explicit 
knowledge about spectral processing methods to generate reliable false color images. 
As the majority of employed raw materials (both excipients and active pharmaceutical 
ingredients) for manufacturing drug delivery systems is simply white, visual component 
discrimination in the final delivery system becomes impossible due to the uniform appearance. 
Similarly, biological systems show the same difficulty. While drug delivery systems, especially 
the classic solid ones, are opaque, biological samples rather show a gradual transparency. 
Consequently, color-coded chemical images of pharmaceutical samples are highly desirable 
to gain an in-depth understanding of the often complex structures and to elucidate fabrication 
and interaction processes. Such visualization approaches can add valuable information to an 
ongoing study because of clarifying the context of puzzling analytical results. 
The drug distribution in a delivery system impacts the drugs dissolution rate and consequently 
its bioavailability. In this context, chemical imaging is of great value to evaluate changes in 
drug distribution before and after dissolution experiments to understand the release 
mechanism in order to design delivery systems with tailor-made release profiles. Matrix 
systems are often utilized when sustained release is requested. The effect of adding a pore 
former in an extruded solid lipid matrix system on drug dissolution was observed by Raman 
mapping. [16, 17] Pores started to form immediately in the water insoluble lipid matrix upon 
contact with the dissolution medium as visualized in comparative false color maps of the drug 
delivery system before and after dissolution testing. Consequently, the contact area for the 
dissolution medium with the API increased and the drug was released significantly faster than 
from extrudates which were lacking the pore former. Here, Raman images barely showed any 
difference in component localization after dissolution.  
Solution-mediated solid-state transformations have been observed spectroscopically in situ 
during dissolution. As these processes occur at the interface of delivery system and dissolution 
medium, they can be visualized by Raman microscopy. However, spontaneous Raman 
microscopy is too slow to image these rapid transformations. Here, coherent anti-Stokes 
Raman scattering microscopy has been successfully employed to monitor the transformation 
of the model drug into its monohydrate. [18-20] Due to the generation of a coherent signal, 
events can be followed with video rate. 
Active coatings are not only applied to oral solid dosage forms but also to biomedical implants 
to deliver drugs to specific body regions. One popular example are stents, which are covered 
with drug-eluting coatings to locally prevent restenosis. [21] Here, the analytical strength of 
confocal Raman microscopy becomes evident as it facilitates the non-destructive visualization 
of the polymeric coat and the embedded drug throughout the entire thickness of the film coating 
in virtual cross section images. [22] Thus, API diffusion during stent elution was characterized 
without laborious sample preparation, and segregation of drug enriched regions inside the 
coating was detected. Another study by Dong et al. [23] depicted the distribution of rapamycin 
in another therapeutic coating by exploiting all axes of the Raman microscope for chemical 
imaging. Lateral images showed a homogenous distribution of rapamycin domains in the 
polymer, whereas cross section images portrayed the formation of drug columns spanning 
vertically through the coating. The acquisition of lateral scans at different distances from the 
water coating interface depicted a clear drug migration towards this interface during elution. 
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The recording of spectral data sets was performed with a water immersion objective to capture 
drug diffusion during the actual elution process. Due to the aqueous surroundings, IR 
investigations of the coating are impossible. To gain deeper insight in the effects of drug elution 
on surface properties of drug-eluting stents, confocal Raman microscopy analysis was 
correlated with atomic force microscopy studies. [24] Whereas Raman imaging facilitates the 
surface and subsurface characterization of chemical distribution, AFM complements surface 
analysis by high resolution profiling. Thereby, the drug elution dependent change of voids in 
the coating is visualized. Three dimensional drug redistribution during its release from 
polymers used for stent coatings was visualized in situ by depth resolved CARS imaging. [25]  
These studies on stents nicely demonstrate the potential and versatility of Raman microscopy 
for non-destructive analysis along all three axes of the microscope, which facilitates access to 
internal sample structures. As the polymer used for coating is gradually transparent, virtual 
planes can be spanned within the coating. Thus, the laser light penetrates through the material 
and Raman signals are recorded from within the sample without destroying it. Thereby, internal 
structures of the sample as well as e. g. changes upon drug elution were successfully 
characterized. 
Although especially the field of classic drug delivery system is predestined for the analysis with 
linear as well as non-linear Raman techniques as the molecules are generally strong Raman 
scatterers, the number of studies employing Raman imaging is low. This is mainly due to the 
fact that IR microscopy is a long established technique in this area of pharmaceutics and 
samples are rather large, which often does not necessitate the use of analytical techniques 
with higher resolution. However, the few studies employing both vibrational techniques 
demonstrate the potential benefit of adapting confocal Raman microscopy in this field on a 
larger scale. 
A comparative chemical imaging study of a tablet with five components showed the superiority 
of Raman microscopy over NIR microscopy. All five components were retrieved by multivariate 
data analysis of the Raman spectral data set, whereas a maximum of three compounds was 
identified in the NIR spectral data set. [26] Furthermore, the distribution of an API with a content 
of less than 1% was shown by Raman mapping. [12] Model tablets containing polymeric beads 
of defined sizes demonstrated the accuracy of Raman chemical imaging to evaluate API 
particle sizes within tablets. [27] The domain size of API in a chemically selective map of a 
tablet with an API concentration of 0,5 % w/w was shown to be dependent on the size 
distribution of raw API material. [28] Even polymorphic impurities were still detectable from the 
Raman spectral data set. Due to broad overtone bands, NIR spectroscopy is not accurate 
enough for polymorph detection. This is however possible in MIR spectra, but the low dose 
API causes detectability problems as signals from excipients are competing with API bands if 
not even shadowing them. Consequently, confocal Raman microscopy is a suited alternative 
technique showing high precision. Besides, the detectability of amorphous compounds in multi-
component solid mixtures by Raman as well as NIR spectroscopy was shown in several 
studies. [29-31] 
NIR and Raman spectroscopy are also competing as process analytical technology (PAT) 
tools. Its goal is to gain fundamental understanding of fabrication processes, which are often 
a black box up to today. Here, vibrational molecular spectroscopy can contribute significant 
insight into fabrication processes as fiber-optic probe instruments for NIR and Raman 
spectroscopy can be implemented into process streams of various unit operations for 
continuous real-time monitoring in a non-destructive manner. 
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Especially probing in aqueous surroundings pointed at the different analytical focus of the two 
techniques. While NIR spectroscopy is sensitive to different water states, Raman spectroscopy 
solely probes the molecular vibrations of the analyte. Thus, the stepwise dehydration of 
theophylline monohydrate during fluid-bed drying was monitored on line by following the free 
water content as well as lattice-bound water. [32] On the contrary, Raman spectroscopy was 
shown to be superior to NIR spectroscopy during wet granulation. [33] The broad water band 
in the NIR spectra covered the peak which indicated the hydrate formation of theophylline 
(1686 cm-1). The sensitivity of Raman spectroscopy for structural changes of drug molecules 
in water rich environments was also demonstrated in a solution-mediated crystallization study 
of carbamazepine. [34]  
Besides the investigation of solid states, Raman spectroscopy as a PAT tool was applied to 
observe other parameters of pharmaceutical production processes. Blend homogeneity was 
determined in powder mixtures as well as in aqueous suspension. [33, 35-37] Furthermore, 
coating processes of tablets were spectroscopically analyzed by correlating Raman spectra to 
coating time representing the weight gain of the tablet. [38-40] Active coating processes were 
also successfully evaluated. [41, 42] The endpoint of coating was determined by detecting the 
API quantity applied with the coating. [41] Raman spectroscopy was also feasible to monitor 
the active coating of a two layer tablet which contributes different spectral bands to the signal 
depending on the side facing the laser beam. [42] By implementing Raman probes in the 
extruder barrel during hot melt extrusion, profound process understanding regarding the 
influence of different settings and formulations on the solid state of polymer and drug was 
gained and in-line drug quantification was possible. [43-46] The development of protein drug 
delivery systems, which are often manufactured by lyophilization, is steadily increasing. The 
therapeutic performance of such protein formulations is highly dependent on the protein’s 
physical stability. Here, Raman spectroscopy was used in situ to investigate the degree of 
protein denaturation and thus inactivation, based on process parameters during freeze drying 
and stabilization strategies using trehalose. [47, 48] Further, the suitability of Raman 
spectroscopy as sensitive PAT technology was shown by determining the secondary structure 
of fourteen model proteins during freezing, thawing as well as during frozen storage. [49] 
Although the variety of investigated samples indicates the potential of confocal Raman 
microscopy, the field is still wide open. Besides its application for the characterization of classic 
solid drug delivery systems and for quality assessment, another rapidly evolving field are 
biological systems. 
In this regard, rapidly evolving therapeutic concepts for curing diseases on the subcellular level 
have resulted in developing novel, small so-called modern carrier systems for adequate 
intracellular drug delivery. As IR microscopy suffers from poor spatial resolution of several 
micrometers and as water shows an interfering strong IR absorption, its application is limited 
for biological investigations. The analysis of cell culture models and their interaction with the 
micro- to nanometer sized drug carriers as well as potential internalization is predominantly 
performed by fluorescence microscopy as state-of-the-art technique in the biomedical field. 
However, recently investigations including single cell imaging as well as drug carrier uptake 
visualization with Raman microscopy emerged. In fact, Puppels et al. [14] introduced confocal 
Raman spectroscopy for the analysis of single living cells and chromosomes already in 1990. 
Cell cycle phases were spectroscopically determined in situ as well as apoptotic changes. [50, 
51] Further, various cell types and their subcellular structures were imaged solely based on 
molecular vibrations of chemical moieties inside the cell. [52-57] The investigations were not 
limited to any specific cell type and included human embryonic stem cells as well as diverse 
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epithelia cell lines and sperm cells. Even chemical imaging of the cellular nucleus and 
subcellular RNA clusters were reported as an approach to evaluate chemotherapeutic drug 
effects on cancer cells, which often express large nucleoli owed to rapid proliferation. [58, 59] 
Comparative studies of confocal Raman and fluorescence microscopy demonstrated the 
sensitivity of vibrational spectroscopy, as mitochondria were effectively detected solely based 
on two peaks arising from lipid molecules in their complex membrane structures. [56] 
Subsequent staining of mitochondria in the same cells with the fluorescent dye Mitotracker 
showed congruent mitochondria-rich areas in pseudo color maps for both techniques. 
Consequently, confocal Raman microscopy delivers equivalent analytical results. Its label-free 
principle due to probing molecular vibrations is advantageous in comparison to fluorescence 
microscopy. The introduction of dyes, which is often time consuming and laborious, can be 
omitted. Furthermore, the risk of altering physicochemical properties of the sample, the 
migration of the labeling molecule and its attachment to wrong chemical entities is abolished. 
Hence, the chance of obtaining falsified analytic results is minimalized. Moreover, the number 
of analytes is not limited to the number of available excitation wavelength of the microscope. 
The sample can be investigated multiple times as photobleaching is not an issue. It was 
reported that a living lymphocyte was repeatedly imaged for 10-15 times in series by confocal 
Raman microscopy before it showed physical damage. [60] 
The feasibility of studying single cells and their interaction with nanocarriers for intracellular 
drug delivery with confocal Raman microscopy is evident in literature. Interaction and uptake 
studies are important to evaluate the therapeutic intention of these small systems as well as 
the cytotoxic potential on cells. Nanotoxicity is an important aspect not only for nanosized 
delivery systems, but mainly with regard to non-biodegradable engineered nanoparticles 
coming from the field of material sciences. 
Poly(lactic-co-glycolic acid) (PLGA) and poly(ε-caprolactone) (PCL) are biocompatible and 
biodegradable polymers which are often used for nanoparticle preparation. [61] Internalization 
and intracellular degradation of PLGA and PCL nanoparticles were monitored 
spectroscopically following changes in the carbonyl stretching vibrations of the ester bond in 
both polymers. [62, 63] Further, vesicular inclusion of particles was concluded from increasing 
lipid signals with incubation time. [63] Intracellularly delivered β-carotene from low-loaded 
PLGA nanoparticles could be determined by confocal Raman imaging due to the resonance 
Raman effect of β-carotene molecules upon irradiation at an excitation wavelength of 785 nm. 
[64]  
As compounds used to fabricate drug delivery systems intended for cellular application are 
often similar to the biological molecules of cells, their respective Raman spectra are 
consequently alike and often indistinguishable. Here, isotopes like deuterium (2H) or 13C are 
used to trace the sample molecules spectroscopically. Isotopes comprise similar chemical 
properties as their natural counterparts. They lead to a band shift in the Raman spectrum often 
to the silent region of the spectrum, which makes molecules comprising isotopes 
distinguishable. This effect was exploited to study the uptake of liposomes composed of 
deuterated phospholipids and the impact of different surface modifications on uptake kinetics. 
[65, 66] A study by Ye et al. [67] showed that cell penetrating peptides, which can be used for 
intracellular delivery of carrier systems, can be traced even to the nucleus when natural carbon 
atoms are exchanged for 13C. Similarly, the uptake of nutrition such as amino acids and lipid 
metabolism of cells have been investigated. [68, 69] Alkyne groups are small, exogenous 
molecules barely existing naturally in cells. They are considered bioorthogonal and do thus, 
not react with endogenous biomolecules. [70, 71] Click chemistry has come up with alkyne 
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modified molecules for bioorthogonal labeling allowing the introduction of a fluorescent dye 
after sample fixation. However, alkyne moieties feature Raman peaks in the silent region of 
the spectrum (1800 cm-1-2600 cm-1). Thus, the alkyne tagged thymidine analog 5-ethynyl-2’-
deoxyuridine (EdU) for example was used to measure de novo DNA synthesis in HeLa cells 
by Raman imaging as EdU was incorporated into cellular DNA during replication. [72] The 
concept of alkyne-tag Raman imaging has been transferred to non-linear Raman techniques 
as well. [70] Drug molecules like erlotinib (chemotherapeutic drug) and terbinafine (antifungal 
drug) comprise an internal alkyne moiety and therefore, drug molecules applied in solution to 
cultured cells can be traced non-invasively. [71, 73] Wei et al. [71] presented a broad study of 
tracing molecules with alkyne moieties in cells with stimulated Raman spectroscopy including 
analogues of thymidine, uridine, and methionine to overcome time-consuming spectra 
acquisition by spontaneous Raman microscopy. 
Overall, performed studies on cell carrier and drug interactions are limited to a few examples, 
which, however, demonstrate the potential of confocal Raman microscopy as a valuable 
analytical technique in this field. It is also discussed as a suitable alternative to fluorescence 
microscopy in stem cell research. Here, commonly the stem cells are genetically modified to 
express luciferase and fluorescent proteins in order to track them. [74-76] Mao et al. [77] 
continuously mapped marrow-derived mesenchymal stem cells cultured over 14 days. The 
original culture was incubated with collagen coated single-walled carbon nanotubes (SWCNT) 
detectable by the outstanding G-band of carbon. Proceeding cell culture images showed a 
decrease of SWCNT per cell as a result of SWCNT dilution due to continuous cell division. 
Metal complexes with therapeutic activity have raised attention in medical organic chemistry. 
Unfortunately, the biodistribution as well as properties of ruthenium-bipyridyl complexes were 
altered by fluorescence labeling. [78] As this problem might transfer to other metal complexes, 
Meister et al. [79] proved confocal Raman microscopy as a suitable alternative to study the 
internalization of these complexes. The number of studies here is sparse; although 
fluorescence microscopy does not present an analytical possibility, researchers barely looked 
out for suitable alternatives. Moreover, the field of nanomaterials representing body invading, 
non-active compounds is almost neglected by chemical mapping. As these materials often 
have unique scattering attributes, they are most likely to be ideal candidates to be 
characterized by vibrational microscopy including their cellular interaction. Cellular uptake of 
these nanoparticles represents a clear indication for further inspections on the subcellular 
structure regarding genotoxic aspects among others. 
Further, Raman imaging plays an important role for cellular investigations such as cell 
visualization. The engulfment and localization of drug delivery systems are of high interest and 
allow insight into interaction correlations. In contrast, Raman spectroscopic investigations 
became more of recent interest when the technique was introduced as an efficient tool for the 
identification, differentiation and characterization of bacteria. [80] Further, high-speed image 
generation made non-linear Raman techniques more popular in the biomedical field, especially 
for tissue investigation and cancer research. 
Due to the low Raman scattering activity in samples of biological origin, surface enhanced 
Raman scattering (SERS) can be exploited to amplify the scattering intensity of the analyte. 
So-called SERS probes are noble metal nanostructures often made out of gold. [81-83] They 
come in different geometries such as spheres, rods, flowers or stars. [84-91] However, 
graphene oxide has also been used for cellular investigations. [92, 93] When these metallic 
nanostructures are irradiated with monochromatic laser light, an additional electric field arises 
resulting in a dipolar localized surface plasmon resonance at the surface of the nanostructure. 
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[64, 67, 94-98] An analyte in close proximity of this electric field can interact with it, thereby the 
extent of the induced dipole of the analyte increases, consequently increasing its Raman 
scattering signal. [99] Two approaches are feasible to introduce SERS probes to a cellular 
sample. It is either linked to the designated sample molecule similar to a fluorophore or the 
SERS substrate is applied passively prior to analysis in order to sense it. The SERS probe 
itself represents the pitfall of this special Raman application as it potentially alters cell 
properties, and the Raman signal enhancement strongly depends on the position of the 
plasmon resonance. [100] Although SERS microscopy is still maturing, it has successfully 
been applied for cellular investigations such as the identification of cells based on expressed 
receptors. [89, 91, 93, 101, 102] But also drug diffusion through the cell membrane was 
successfully monitored. [103] To reach an even higher resolution, tip enhanced Raman 
scattering (TERS) microscopy was introduced combining SERS with AFM.  
All in all, the diverse applicability of confocal Raman microscopy in pharmaceutical sciences is 
indicated by the performed investigations covering a great sample variety from classic solid 
drug delivery systems to biological systems. Nevertheless, the overall number of studies is low 
as confocal Raman microscopy is still an upcoming analytical technique. Sometimes even only 
the spectroscopic part as for PAT is used. Most often studies only apply confocal Raman 
microscopy as a single analytical technique neglecting the potential of incorporating it into a 
versatile analytical context. Yet, inherent advantages of Raman microscopy regarding its non-
destructive, label-free working principle and high resolution constantly promotes its application. 
Furthermore, steady instrumental progress and research lead to a growing selection of Raman 
techniques available for analysis with high spatial as well as temporal resolution. Overall, it 
completes the spectrum of state-of-the-art analytical visualization techniques in 
pharmaceutical sciences and provides an adequate alternative when other spectroscopic 
techniques reach their limitation. 
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2 Aims of the Thesis 
The main goal of this thesis is to apply confocal Raman microscopy to the analysis of classic 
solid drug delivery systems up to studies of cultured human cells. This analysis will be 
performed entirely label-free without sample destruction to realize chemically selective, 
spatially resolved sample visualization. The intention of implementing this approach in the 
pharmaceutical context is to gain novel insight into complex studies and to advance the 
application of confocal Raman microscopy as a beneficial analytical technique in this scientific 
field. 
 
More specific the aims of this thesis are: 
x To elucidate the impact of fabrication processes on drug distribution in the respective 
delivery systems and to identify correlations between drug distribution and release. 
 
x To accomplish all-encompassing visualization of drug delivery systems exhibiting 
structured surfaces without sample alterations despite the limitations of the confocal setup 
of the Raman microscope. 
 
x To understand the barrier formation process during fabrication of a lipid-based drug 
permeation model. 
 
x To realize single cell Raman imaging on the subcellular level and to visualize the uptake 
of nano-sized drug delivery systems by cultured human cells. 
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3 Results and Discussion 
3.1 Elucidating the Impact of Drying on Drug Distribution and Release in Wet-
Extruded Pellets by Raman Imaging  
Drying is a standard unit operation during the fabrication of solid oral dosage forms. Various 
types of equipment such as fluid-bed dryers, freeze dryers, or ovens are available for this 
manufacturing step. Drying, however, does not only remove any remaining solvent, it can also 
severely affect the API distribution within a dosage form. 
In the presented studies, drying is performed to remove the solvent which has been applied 
during the fabrication of ibuprofen loaded calcium stearate pellets by wet extrusion and 
subsequent spheronization. Migration of dissolved API molecules is prone to occur as they 
follow the granulation liquid until recrystallizing when the granulation liquid evaporates. This 
intragranular migration can significantly influence the in vitro dissolution profile of the API, 
which represents a very critical parameter as only a stable and reproducible API release from 
the delivery system enables a safe and effective drug therapy. Here, the effect of different 
drying methods, diverse drying temperatures and varying API incorporation strategies on 
intragranular drug distribution patterns were investigated by chemical imaging to elucidate the 
correlation between drug distribution patterns and the obtained drug release profiles. 
The most plausible option to study drug distribution is to visualize the drug within its delivery 
system. Unfortunately, the pharmaceutical compounds ibuprofen (API) and calcium stearate 
(matrix forming excipient) are white, thus visually indistinguishable. Thus, an analytical 
technique is needed which enables component discrimination and depiction within the pellet 
based on a unique feature such as the molecular structure. These analytical requirements are 
precisely fulfilled by confocal Raman microscopy. Both ibuprofen and calcium stearate show a 
unique peak pattern in their Raman spectra and are consequently distinguishable in chemical 
maps. 
Lyophilization, fluid-bed drying and desiccation were employed drying techniques. Although 
they represent different drying speeds and consequently different chances for API migration, 
Raman microscopy investigations showed a random API distribution within the pellet. No 
location pattern could be linked to a specific drying technique. Contrarily, in vitro dissolution 
profiles showed a clear correlation between drying technique and API release rate in 
decreasing order from lyophilization to desiccation. Thus, it was not the drug location but the 
internal structure of the pellet determining the drug release rate here. The so-called 
microstructure of the pellet was previously depicted in electron microscopy images showing a 
less pronounced internal porous structure for lyophilisation, fluid bed drying and desiccation. 
Nevertheless, without localizing the API within the pellet matrix an impact of drug distribution 
on the dissolution rate cannot be excluded as different drying speeds potentially entail varying 
API migration. Whereas electron microscopy images show the pore distribution, it lacks the 
capability to discriminate between API and excipient. Here, analysis can highly benefit from 
confocal Raman microscopy as the technique fills the analytical gap of differentiating the white 
compound in the delivery system. Finally, based on Raman images, it can be concluded that 
the in vitro dissolution profile is not determined by the drug location but is only determined by 
the microstructure as the latter is a strong function of the drying process itself. 
The effect of different drying temperatures (20 – 60 °C) on ibuprofen release and spatial 
distribution in tray dried calcium stearate pellets were quite contrarily to observations of 
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different drying techniques. Pellets dried at 20 °C show the highest ibuprofen release rate. All 
other drying temperatures led to a dramatic decrease in API dissolution rates (Figure 7). 
Opposite to Raman investigations in the first study, here a unique distribution pattern of 
ibuprofen for each drying temperature was captured. The most extreme difference was 
observed for the two opposing drying temperatures. At 20 °C an API corona covering the pellet 
surface was observed, whereas fast drying at 60 °C resulted in a homogeneous API distribution 
throughout the pellet cross section (Figure 7). In between drying temperatures entailed a 
gradual change in API distribution showing an intermittent lamellar formation. In any case, the 
API was detected with chemical selectivity irrespective of the distribution pattern and was 
precisely differentiated from the spectral pattern of calcium stearate. Thus, due to valuable 
results from Raman analysis the correlation of API dissolution and its intragranular distribution  
 
Figure 7. Correlation between different API release rates and drying temperature dependent 
drug localization within the delivery system.  
Reprinted from International Journal of Pharmaceutics, 478, S. Schrank, B. Kann, E. M. 
Saurugger, M. Hainschitz, M. Windbergs, B.J. Glasser, J. G. Khinast, E. Roblegg, The Effect 
of the Drying Temperature on the Properties of Wet-Extruded Calcium Stearate Pellets: Pellet 
Microstructure, Drug Distribution, Solid State and Drug Dissolution, 779-787, Copyright (2014), 
with permission from Elsevier. [104]  
was proven to be a function of the drying temperature. Results from Raman investigation of 
drug distribution were similar when API was either dry blended with the excipient or dissolved 
in the granulation liquid during manufacturing and the pellet was subsequently dried at different 
temperatures. Yet, dissolving the API in the granulation liquid led to an API depleted center 
which was not found for pellets with API included in the dry blend when low drying 
temperatures were applied. Further, high drying temperatures resulted in a more 
homogeneous API distribution throughout the pellet. However, a few agglomerates were 
observed. Agglomerates in pellets manufactured by incorporating API as powder were larger 
than in the counterpart formulation. 
Overall, confocal Raman microscopy filled the analytical gap to exclude or prove the 
dependency of in vitro dissolution rates on API distribution. Thereby, the influence of drying on 
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final pellet properties was successfully elucidated. The technique substantially helps to meet 
quality criteria of solid dosage forms by gaining a deeper understanding of how standard 
fabrication processes impact final drug product properties. Further, it shows great potential to 
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3.2 Investigating Drug Delivery Systems with Structured Surfaces – Overcoming the 
Pitfalls of a Confocal Setup 
The majority of pharmaceutical samples does not express smooth but rather structured surface 
areas, which either represent the exterior sample surface or an artificial cross section. Here, 
analysis with confocal Raman microscopy is hindered as spectra can only be recorded from 
one focal plane. Consequently, sample analysis will be incomplete, as a structured surface 
cuts through many focal planes. Therefore, samples are often altered by invasive methods 
such a polishing to create a smooth and even sample surface for valuable analysis. This 
manipulation potentially changes the original composition and falsifies analytical results due to 
smearing effects. Nevertheless, surface analysis can provide important information about 
fabrication processes among others. Process parameters potentially have a high impact on 
sample characteristics such as differing component distribution ratios between outer surface 
and the sample’s interior. In this context, it would be highly desirable to establish an analytical 
approach benefitting from label-free and contactless confocal Raman analysis without 
changing the surface conditions of the sample. Here, a novel approach in the pharmaceutical 
context is realized for the first time by combining confocal Raman microscopy with a technique 
termed optical profilometry to overcome these limitations of a confocal setup. 
Optical profilometry is based on irradiating the sample with white light and collecting the 
reflected light through a sensor probe. Within this probe is a hyperchromatic lens assembly. 
All lenses have a distinct chromatic error. White light is composed of different colors (different 
wavelength), and each color has a unique focal distance. When the reflected light passes 
through the pinhole in the probe, only the color in focus is detected (Figure 8A). This color 
represents the distance between the probe and the sample surface and can be translated into 
topographic height differences creating a surface map (Figure 8B). With this background 
information, Raman spectra of the same area can be subsequently recorded and the 
microscope focus is automatically positioned at the sample surface facilitating all-
encompassing analysis. Generally, the resulting false color Raman image is a two dimensional 
depiction of the sample. However, when superimposing the topographic profile with the false 
color Raman image, an image which is spatially resolved in three dimensions is obtained 
(Figure 8C).  
This straightforward approach bears great analytical potential for the investigation of today’s 
complex pharmaceutical samples expressing various surface geometries. Their fabrication 
process can lead to numerous modifications within the delivery systems, which potentially 
affect the therapeutic efficiency. As changes of a compound itself often go along with a change 
in the respective Raman spectrum, Raman microscopic investigations are favorable as 
changes within a sample, which are not based on spectroscopic changes such as component 
redistributions, can be observed simultaneously. By generating topographic profiles of the 
sample prior to Raman analysis, surface structures would not limit the applicability of confocal 
Raman microscopy any longer. From the available broad spectrum of pharmaceutical dosage 
forms four different carrier systems namely extrudate, compacted solid dispersion, lyophilisate 
and spray dried particles have been exemplarily investigated using the introduced approach. 
Moreover, besides solely challenging the practicability of the approach it was even 
implemented into complex study designs. 
Extrudates, an opaque solid oral dosage form, are often also intermediate products in 
pharmaceutical production which are mainly processed into pellets. Thus, a thorough 
understanding of the initial solid dosage form is of vital importance for the evaluation of 
subsequent processing steps like spheronization. However, due to the cylindrical morphology 
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of the extrudate, confocal Raman microscopy analysis has so far been restricted to the 
investigation of cross sections as analysis of the exterior surface has been impaired by the 
curvature. Nevertheless, the interior component distribution does not necessarily reflect the 
exterior ratio due to the manufacturing procedure. Here, analytics can benefit from the 
introduced combinatorial approach. The curvature and smoothness of the extrudate’s exterior 
were captured in a topography profile showing a symmetric gradient of the color scale, which 
demonstrates the precise functioning of the sensor probe. Raman mapping of the curved 
surface was successfully performed in a subsequent analytical step. Furthermore, the interior 
of the extrudate represented in a cross section was portrayed in a color-coded chemical image 
as well. By comparing the Raman maps depicting the exterior and interior component 
distribution no differences were observed for the API embedded in the lipid matrix of the 
extrudate. Therefore, the fabrication process yields a homogeneous ratio of API and matrix 
former in this particular case. Nevertheless, the combined analytical approach is suited to 
detect such inconsistencies and the visual presentation of analytical results enables immediate 
discussion with researchers which are newly introduced to the technique. 
 
Figure 8. Sketch of the working principle of the chromatic sensor and combination with results 
from Raman analysis. A) An incline is scanned by the sensor and at each position a different 
distance based on the wavelength of the reflected light is detected. B) Topography profile of a 
bisected compact. C) Overlay of topography profile with respective false color Raman image 
depicting high degree of drug dispersity (yellow) due to cogrinding. 
Besides smooth but curved surfaces exhibited by extrudates, pellets, capsules or tablets as a 
result of the fabrication process, another frequent surface geometry is an extremely irregular, 
highly structured area displayed by lyophilisates, powder beds or manually bisected dosage 
forms to access the sample’s interior. This surface structure is even more challenging for the 
combination of optical topography and confocal Raman microscopy. 
In order to verify if the combined analytical approach can cope with such a fragile, highly 
irregular structure a lyophilisate with a protein in its active and inactive form was fabricated. 
Lyophilisation is a widely used technique to stabilize proteins which gain more and more impact 
in drug therapy. Their pharmacological activity however highly depends on the secondary 
structure conformation, which is prone to undergo changes easily. This conformational change 
can be spectroscopically detected by a shift in the so-called amide I band [105, 106], which is 
located at 1500-1800 cm-1 arising due to C=O vibrations of the amide groups in the backbone 
of the peptide. [105-109] Unfortunately, the stabilizing process itself induces stress to the 
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system and can still lead to structural changes in the proteins secondary structure. 
Consequently, this step has to be closely monitored. However, the precise detection of this 
single marginal spectral shift to identify the protein conformation represents an additional 
analytical challenge. By rasterizing the identical grid of a predefined surface area of the 
lyophilisate, a spatially resolved location map of native and thermally denatured protein has 
successfully been portrayed in a merged topography and Raman image. Consequently, the 
novel technical combination is neither limited to challenging irregular surface structures nor to 
valid component discrimination by using marginal spectral differences for chemical imaging. 
Improving drug solubility and bioavailability is of significant interest in pharmaceutical sciences, 
as the incidence of new drug candidates showing poor water solubility is increasing. A possible 
strategy to enhance the drug dissolution rate is to fabricate a solid dispersion by cogrinding, 
where a poorly water-soluble drug is embedded in a hydrophilic carrier.  
Here, a solid dispersion of griseofulvin (10%) and mannitol, a hydrophilic sugar alcohol, was 
fabricated by continuous cogrinding. To elucidate the mechanism for enhanced dissolution of 
the drug, four different physical mixtures of the same components in different grinding states 
were analyzed in parallel. Comparing the dissolution profiles of the five formulations the lowest 
dissolution rate was observed for the physical mixture comprising both components unground, 
and a 10fold higher rate for the coground formulation. Here, the dissolution rate was even 
higher when compared to the physical mixture containing both components ground. It was 
excluded that the observed accelerated dissolution rate is related to any modification of the 
physical form (crystalline structure) of drug or excipient. However, enhanced dissolution was 
linked to drug particle size, raised surface free energy as well as increased bulk dispersity of 
the drug. Especially, the latter finding was solely driven by Raman analysis as both 
components were optically indistinguishable white powders. Characteristic Raman peaks for 
griseofulvin (1710 cm-1) and mannitol (881 cm-1) were identified for spectroscopic 
discrimination of the two compounds. The drug dispersity on the exterior was mapped without 
complication, as the compacts exhibited a smooth surface. To access the interior, the 
compacts were manually broken resembling a highly structured cross-section surface 
necessitating the acquisition of a topography profile prior to Raman analysis (Figure 8B). The 
superimposed images visualize the interior drug dispersity in an artificial but unaltered surface 
of the compacts (Figure 8C). Overall, the exterior and interior drug dispersity for each compact 
was the same. However, the comparison of the coground formulation and the four physical 
mixtures shows qualitative differences in drug dispersity. Whereas griseofulvin is rather 
homogeneously distributed in the coground formulation, the drug particles tend to agglomerate 
in the physical mixtures. When ground griseofulvin was used the tendency was lower than for 
unground drug. This observation was confirmed by image analysis.  
Overall different factors affecting the enhanced dissolution of griseofulvin from a solid 
dispersion were investigated and discussed in this study. Especially, investigations of the 
drug’s bulk dispersity played a key role in elucidating aspects of the underlying mechanism of 
dissolution enhancement. As these conditions can only be evaluated upon visualizing the drug 
in the excipient matrix with high resolution, investigations benefitted tremendously from the 
analytical capabilities of confocal Raman microscopy in this case. 
Spray drying has become a widely esteemed technique for the fabrication of nano- and 
micrometer sized particles for drug delivery. Due to the small size of the particles, the optical 
limitations of a confocal Raman microscope may impede analysis of individual particles. 
However, to gain a deeper understanding of the spray drying process in terms of component 
distribution in the particle bed the technique is still favorable. Here, the influence of the polymer 
poly-(ε-caprolactone) on drug distribution during particle preparation via spray drying was 
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investigated. Therefore, submicron particles composed of dexamethasone (API) and sodium 
deoxicholate were fabricated in the presence and absence of the polymer. The three 
compounds can be discriminated by distinct peaks in the respective Raman spectra. The rough 
surface of the particle powder was virtually corrected by recording topography profiles prior to 
Raman analysis of the same sample area. In both cases the homogenous distribution of the 
drug dexamethasone is portrayed within the respective particle bed thus, the use of poly-(ε-
caprolactone) during the spray drying process does not affect the dexamethasone distribution. 
As all components are detectable in every recorded Raman spectrum, the overlay of the 
individual false color Raman images result in a mixed color image. 
 
In summary, various samples have been successfully visualized with the novel analytical 
approach of combining confocal Raman microscopy with optical profilometry. After successful 
investigations of designed pharmaceutical samples, the combinatorial approach was 
implemented in studies to elucidate drug release mechanisms and drug distribution. Neither, 
different morphologies with a smooth surfaces or highly irregular, fragile structures were a 
hindrance nor did the sample composition of different chemical compounds or molecular 
conformations impede precise analysis. Thus, the complementary techniques can cope with 
diverse sample specifications. Consequently, the straightforward approach is valid for a wide 
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3.3 Novel Insight into the Development Process of a Lipid-Based Drug Permeation 
Assay by Raman Imaging 
The oral route is still predominant for drug application into the human body as it is convenient 
and widely accepted by patients and thus, yields sufficient therapeutic compliance. As the drug 
needs to permeate across the intestinal mucosa to enter the human body, satisfactory 
biopharmaceutical properties are mandatory to reach therapeutic concentrations. For the 
evaluation of drug permeability during development of novel oral therapeutics different cellular 
and non-cellular based in vitro assays are available. 
The prevalent cell culture-based model for permeability studies is the Caco-2 cell 
monolayer. [110] These epithelial colon cells generally show good barrier properties and 
structural and biological characteristics of the intestinal epithelia are reflected quite well. [111, 
112] However, due to their biological nature, these models are affiliated with variations in 
stability, properties and reproducibility of analytical results. [113] Furthermore, significant costs 
and long cultivation times damp the attractiveness of cellular models for high throughput 
screenings.  
However, during drug discovery permeability characteristics of new chemical entities are 
frequently tested on a large scale to select and optimize lead candidate drug molecules. Here, 
models based on artificial membranes offer a suitable alternative as they are relatively cheap 
and provide a comparatively high throughput capacity. Nevertheless, in contrast to their 
cellular-based counterparts these artificial models are only valid for passive diffusion. The first 
artificial assay termed parallel artificial membrane permeability assay (PAMPA) was developed 
by Kansy et al. [114] It comprises a hydrophobic filter saturated with a mixture of lecithin and 
organic solvent and is available in numerous variations today. [115-119] 
More recently another assay called phospholipid vesicle-based permeation assay (PVPA) was 
developed to study passive permeability of drugs. [120, 121] Here, the use of organic solvents 
was omitted as they potentially interact with the filter substrate. Liposomes were deposited on 
a porous filter accumulating inside the pores and on top of the filter. The phospholipid barrier 
was stabilized by solvent evaporation and a subsequent freeze-thaw cycle. 
Inspired by this non-cellular based assay with a non-fluid barrier, an artificial membrane assay 
termed modified PVPA barrier was developed. The fabrication involves a complex sequence 
of coating steps to cover a porous membrane with lipid. The modified PVPA model is supposed 
to present a suitable alternative to cell culture models used in combined dissolution and 
permeation devices. These systems have been created to investigate correlations and 
possible dependencies of drug dissolution and subsequent permeation through a cellular 
barrier. [122-125] 
To monitor the fabrication process as well as stability against medium the analytical technique 
should be capable to differentiate between compounds. However, the sample should not be 
altered or destroyed to enable the observation of subsequent development stages in the same 
sample to gain a thorough understanding of the overall fabrication process. 
During the development of the original PVPA Flaten et al. [120] chose confocal fluorescence 
microscopy to characterize the phospholipid barrier formation. Therefore, a dye was 
incorporated into the liposomes, whereas the filter was labeled by bathing it in a dye solution. 
This approach is feasible as it is non-destructive and detects the labelled components 
chemically selective. Nevertheless, only a small fraction of the entire filter area was 
investigated and the repetitive investigation of the same sample might be challenging. 
Especially the dye labeling the membrane is prone to migrate during subsequent fabrication 
steps, therefore in repeated analysis of a successive step entailing false interpretation. Further, 
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due to the susceptibility to photobleaching, fluorescence microscopy images of consecutive 
steps might potentially not show compounds from the previous steps as the fluorescent dye 
loses part of its activity due to laser irradiation. Confocal fluorescence microscopy is generally 
suited, however not ideal for the visual examination of the development process of a lipid-
based membrane model for drug permeation testing. 
Here, confocal Raman microscopy takes the analytical possibilities one step further. Like 
confocal fluorescence microscopy it is chemically selective, thus the lipid component and the 
filter can be spectrally discriminated, as a visual differentiation due to similar optical properties 
is impossible. Yet, unlike fluorescence microscopy labeling is not required, as the technique is 
based on the detection of scattered light from the sample itself. The scattering ability is 
ultimately associated with the molecular structure of each compound and will not change due 
to continuous fabrication and analysis.  
In previous chapters, chemical imaging was introduced for the investigation of external 
surfaces and artificially created surfaces by sample bisection of opaque solid dosage forms. 
For the development of the modified PVPA barrier the analytical demand differs. Here, the 
stepwise assembly of the permeation barrier is of interest. As the application of lipid not only 
changes the lateral coverage of the filter membrane but also the coating thickness, 
investigations in different planes namely lateral (Figure 9A) and vertical (Figure 9B) are 
requested. Further, observations of the membrane pores as they represent the major 
permeation route for drug molecules are important. As the pores are tiny in comparison to the 
entire membrane, the sample scale varies (Figure 9C). Finally, the stability of the lipid-based 
barrier against medium in the permeation apparatus has to be screened. 
 
Figure 9. Schematic overview of the optical planes in lateral (A) and vertical (B, C) direction 
to monitor the development process of the modified PVPA barrier. 
Here again, the concerned components are visually indistinguishable. However, lipid and filter 
membrane are not opaque but semitransparent. This allows the laser light to penetrate into 
and through the sample, thereby scattered light from below the sample surface can be 
collected. Consequently, the concept of chemical imaging can be extended as the non-
destructive acquisition of virtual cross section images becomes feasible (Figure 9B, 9C).  
Color-coded images based on Raman analysis of the permeation barrier formation depict the 
continuous lipid coverage of the membrane with each coating step for the first time. After 
applying the first lipid coat, a lipid-free ring remained between the center and the rim of the 
membrane. Two further coating steps were necessary until the membrane was fully covered 
with lipid and the permeation barrier was thus integer. Two additional coating layers serve to 
stabilize the coating. The formation of the coating led to a patterned lipid surface necessitating 
a virtual correction by optical topography prior to Raman analysis. Raman images of vertical 
cross sections proved a varying coating thickness across the diameter of the membrane which 
was hypothesized based on results from the coating formation. The coating formed a 
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prominent wavelike pattern on the supporting membrane. Furthermore, close-up Raman 
images of the membrane pores from three dimensional analysis depict an alike morphology 
with distinct boundaries for all investigated pores. They were all filled with lipid after coating 
without any detectable changes to their morphology.  
Finally, coating stability was investigated by chemical imaging in virtual cross sections when 
exposed to liquid medium as the barrier integrity is a decisive factor during the validation of 
permeation experiments. The coating remained integer for at least 18 hours, as no lipid-
depleted areas of the membrane were observed. 
Altogether, confocal Raman microscopy is feasible for the analysis of all critical development 
steps of the modified PVPA barrier. The development and fabrication processes benefit 
remarkably from confocal Raman analysis as their first time visualization gave significant 
insight. Overall, the concept of chemical imaging is transferred from surface analysis to the 
acquisition of depth scans in vertical cross sections in this chapter, enlarging the analytical 
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3.4 Non-Invasive Visualization of Nanoparticle Uptake in Human Cells 
Not only the rapid development of modern drug carrier systems but also frequent use of 
nanosized particles in daily consumer products as well as their fabrication have raised 
intensive interest about their fate in the human body. Consequently, research focuses on their 
interaction with and potential uptake by cells. This is primarily due to an emerging knowledge 
about complex relations of diseases as well as to potential toxicological effects on the 
subcellular level. In this context, appropriate analytical investigations are of high importance to 
gain sufficient knowledge about cells, carrier systems or pure particles and the extent of their 
interaction. 
Light microscopy is routinely employed in any cell culture lab for a quick evaluation of 
confluence levels and morphology of cultured cells. However, it is not suited to gain detailed 
structural information of cells nor of particulate systems on the nanometer scale. In this regard, 
the combination with a spectroscopic technique presents a valuable analytical approach for 
investigations on the subcellular level. Fluorescence microscopy is still the state-of-the-art 
technique for cell visualization and multiple fluorescent marker molecules have been 
introduced making chemically selective visualization of cellular structures as well as carrier 
systems and other particles feasible. Nevertheless, among other drawbacks, the introduction 
of marker molecules potentially impacts any possible interaction behavior. Here, vibrational 
spectroscopic techniques are an interesting alternative as complications arising with the 
introduction of a label become irrelevant. 
Prior to any interaction studies, a profound visual characterization of the concerned cell line is 
inevitable. Here, Raman analysis faces another challenge. First, cells are too small to be seen 
with the naked eye. Thus, a light microscopy is needed for a first evaluation of the sample 
(Figure 10A). More important, cells are biological samples. Consequently, their Raman 
scattering activity is inherently weak in comparison to chemical compounds. Nevertheless, the 
technique is sensitive enough to detect spectral differences for the differentiation of subcellular 
compartments. False color Raman images of epithelial cells originating from the oral buccal 
mucosa utilized in the following publication picture the nucleus very distinct in the cytosol 
(Figure 10 B-D). The discrimination of the compartments in the Raman data is based on 
spectral differences between cell nucleus and body which mainly arise from the phosphate 
groups and the ring breathing modes of pyrimidine bases of the DNA backbone. As discussed 
in previous chapters, the optical properties of the sample determine the penetration behavior 
of the irradiating laser light and therefore, the location of the imaging planes in the sample. Cell 
layers generally represent transparent optical properties. Hence, the laser beam can penetrate 
through the entire cell body and virtual cross section images of the cell body can be acquired 
as well (Figure 10E). Equivalent analytical results to fluorescence microscopy investigations 
using the dyes Hoechst 33342 and Calcein AM (both Invitrogen, Austria) were obtained and 
are discussed in detail in the publication. Similarly, the feasibility of Raman microscopy to be 
equal to fluorescence microscopy depiction of cellular compartments is discussed in literature 
for other compartments as well. [56] The combination of optical properties and a weak Raman 
scattering activity of cells requires a thorough understanding of the sample preparation. 
Individual cells without a substrate cannot be placed on the microscopic stage. The substrate 
is generally a plastic dish and shows a scattering activity overruling any signal from the cell 
due to its optical properties. Here, other substrates such as calcium fluoride glass proved itself 
to be superior to standard dishes as their Raman bands to not interfere with signals originating 
from the sample and can easily be subtracted from the data set. 
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Figure 10. Depiction of an oral buccal mucosa cell in different perspectives. A) Light 
microscope image showing the area of Raman analysis in lateral (black) and vertical direction 
(white). False color Raman images of cytosol (B), nuclei (C), and combined images of lateral 
(D) and vertical cross section (E) investigation. 
The depiction of the cell nucleus is beneficial to gain a first impression if potentially genotoxic 
substances such as titanium dioxide (TiO2) an inorganic, white pigment enter the cell nucleus. 
As TiO2 shows Raman bands only below 700 cm-1 the material can be easily distinguished 
from the cellular environment. Moreover, the polymorphic form of the utilized TiO2 is simply 
verified by spectral bands of the material without the necessity of further analysis. After 
incubating cells with TiO2 particles, they can be localized in lateral Raman images. However, 
it cannot be differentiated between internalized particles and particles settled on top of the 
cells. Thus, virtual cross section images were acquired to distinguish these two possibilities. 
In fact, Raman images depict both situations where internalized TiO2 particles were even found 
in the nucleus of the oral buccal mucosa cells. This concept of analytical differentiation is not 
only beneficial when the interaction of engineered particles with cells is in focus but also of 
particular interest for investigations of cells interacting with drug delivery systems. Here, 
depicting the location and fate of the carrier will contribute valuable insight into the successful 
drug delivery to the intracellular target structure. 
Nevertheless, recording of Raman spectral data sets with high resolution is often time 
consuming, as long integration times have to be taken into account due to the low scattering 
intensity of biological samples. Upon the investigation of endpoints concerning particle uptake 
for example, time is not a critical parameter. This changes when various time points are of 
interest and temporal resolution for in situ experiments is needed. Here, anti-Stokes Raman 
scattering (CARS) microscopy is a suitable alternative. As only one specific frequency is 
probed at a time, images are acquired within seconds. Hence, consecutive image acquisition 
at shifting frequencies facilitates a versatile depiction of different molecular structures in the 
sample. In general, the best contrast in CARS images is generated in the high frequency region 
where the CH-stretch vibrations are arising in the Raman spectrum. 
Lipid-core nanocapsules are a well-characterized drug delivery system suited for intracellular 
delivery of poorly water soluble drug molecules. [126, 127] They are composed of a polymeric 
shell encapsulating a lipid core. This core-shell structure makes the delivery systems well 
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suited for CARS analysis as the concentrated lipid in the core can be visualized with high 
contrast against the cellular surrounding (Figure 11). Images at the two frequencies of interest 
namely 2928 cm-1 for proteins (Figure 11A) and 2845 cm-1 for lipids (Figure 11B) are first 
acquired using the CARS microscope. In order to solely depict the lipid-core nanocapsules, 
the non-resonant background in the lipid image has to be eliminated. Therefore, the signals 
from an image acquired at a different frequency than the lipids representing the non-resonant 
signals are subtracted from the lipid image. As are result the lipid-core nanocapsules can be 
depicted in false color here the red channel (Figure 11C). Cells naturally contain lipids 
themselves, however, due to the concentration of lipids in the nanocapsule core a by far more 
intense CARS signal is generated overtopping the natural cell lipids which are only visible as 
a light hue. At last, the red over white image can be merged with the image depicting the cell 
body to visualize the lipid-core nanocapsule locations within the cell (Figure 11D). 
 
Figure 11. Exemplary process of visualizing lipid-core nanocapsules within the cell body of a 
chondrocyte in a false color image using CARS microscopy data. Cell imaged by probing 
proteins at a frequency of 2928 cm-1 (A) and lipids at a frequency of 2845 cm-1 (B). C) 
Background free image of the lipids depicted in the red channel. D) Overlay image depicting 
the merge of lipids in false color within the cell body. 
The analytical focus regarding the application of CARS microscopy in this study was to 
investigate if lipid-core nanocapsules are engulfed over time by chondrocytes while they were 
kept under standard cell culture conditions. Chondrocytes play an important role during the 
emergence of osteoarthritis. Lately, resveratrol and curcumin, two natural substances with anti-
inflammatory and anti-oxidant activity, were shown to be effective for treatment of this disease. 
Due to their poor water solubility and their intracellular target, lipid-core nanocapsules 
represent a promising choice as delivery system here. By effectively tracing the strong anti-
Stokes scattering signal of the lipid core during exposition of chondrocytes with nanocapsules, 
cellular uptake was successfully monitored. The natural cell lipids were not interfering as the 
signal contrast of the nanocapsules was significantly higher. Besides investigating the general 
uptake and location in the cell body, the influence of uptake inhibitors on engulfment behavior 
was monitored as well in order to gain more detailed insight in the underlying cellular uptake 
mechanism. The analytical concept was transferred to another study, where the skin 
application of the discussed drug delivery system was centered. [128] Here, additionally to 
investigating the penetration depth into different skin layers, the chance of nanocapsule uptake 
by skin cells was questioned to find out if drug molecules potentially reach intracellular targets 
or if they are released intercellular. Again, CARS microscopy data visualized the intracellular 
accumulation of lipid-core nanocapsules. 
In this section, it is shown that confocal Raman microscopy is also well suited for the analysis 
of cell culture samples. Equal analytical performance is demonstrated in comparison to 
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confocal fluorescence microscopy. Further, while investigating interactions between cells and 
particles, data regarding physical characterization of the particles can be retrieved. Thus, 
analytical characterization by Raman microscopy is straightforward without necessitating other 
techniques. Additionally, utilization of non-linear variations add to the analytical portfolio as 
time consuming investigations can be omitted while maintaining chemically selective analysis 
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4 Conclusions and Outlook 
This thesis demonstrates the successful implementation of confocal Raman microscopy in 
pharmaceutical sciences as a key technique for label-free analysis of classic solid dosage 
forms up to cellular interactions with nanoparticles. 
The first chapter focused on the application and analytical importance of chemical imaging in 
studies investigating the effect of drying on final properties of ibuprofen loaded calcium stearate 
pellets. The varying drug release profiles as a result of different drying techniques and 
temperatures during fabrication were finally elucidated, because the drug was localized within 
the pellet using confocal Raman microscopy as the key analytical technique. Differing drug 
distribution patterns were depicted in false color chemical maps of pellet cross sections. They 
strongly depend on the drying temperature, but not on the drying technique. Based on Raman 
analysis, it was found that drug release profiles only correlate to drug distribution determined 
by drying temperature. 
In the second chapter a novel analytical approach was pursued to overcome the limitation of 
confocal Raman microscopy analysis, which is impeded by structured surfaces. By combining 
the technique with optical profilometry, an at first generated topography profile of the sample 
surface serves as a default setting for the focal point during subsequent acquisition of the 
Raman spectral data set. Subsequently, the topography profile can be overlaid with the color-
coded Raman image to construct a three dimensional image. Alternatively, the Raman image 
can simply be displayed in two dimensions. The analytical potential of this combinatorial 
approach was evaluated and challenged in this first time application during the analysis of 
diverse pharmaceutical samples exhibiting different surface geometries. Thereby, the 
analytical accuracy and benefit was nicely demonstrated. At last, this combinatorial approach 
was successfully implemented as a key technique in complex studies with a focus on solid 
carrier development and drug release mechanisms. 
The subsequent chapter introduced Raman analysis to be performed in virtual cross section 
planes and depth scans in addition to the lateral plane during the investigation of the 
development process of a lipid-based drug permeation assay. By performing a combination of 
lateral and cross section Raman scans, the stepwise lipid deposition on the supportive 
membrane and the resulting successive formation of the permeation barrier was explained for 
the first time. Further, Raman investigations showed that the barrier is only integer after three 
coating steps and that the coating itself displays a prominent pattern. The lipid barrier remains 
stable against liquid medium during permeation testing as proven visually in Raman images, 
which depict an integer coating. Consequently, Raman analysis is not only a valid tool during 
development steps but also for the quality control of such systems. 
Similarly, the advantage of acquiring Raman spectra along x, y, and z axis of the microscope 
was demonstrated for cellular investigations. False color images generated in the horizontal 
plane give a very good overview of cellular structures in oral buccal cells such as nucleus and 
cytosol. Further, externally applied TiO2 particles were located. To distinguish between settled 
and internalized particles, the cell was analyzed in vertical planes. Raman images pictured 
settled and engulfed TiO2 particles with some invading the cell nucleus. Consequently, results 
from Raman analysis serve as intermediate results triggering further investigations on the 
molecular level with a focus on genotoxic effects of inorganic particles. Despite the low 
scattering intensities of the cells, label-free analysis was pursued effectively without sacrificing 
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high precision chemical selective detection as comparative fluorescence microscopy studies 
proved. 
The subsequent study focused on the uptake of lipid-core nanocapsules in human 
chondrocytes by CARS microscopy for instantaneous visualization. As the lipid in the core of 
the nanocapsules generates a strong CARS signal, the carrier was successfully traced inside 
the cell. This is promising for the application of the carrier for intracellular drug delivery. 
Furthermore, monitoring the effect of uptake inhibitors on the chondrocytes exposed to the 
carrier by CARS imaging gave insight in the underlying cellular uptake mechanism. 
Although confocal Raman microscopy is available as an analytical technique, its application is 
challenging. Nevertheless, chemically selective sample visualization often provides significant 
insight, especially when integrated into a complex study design. Here, chemical imaging of 
drug distribution in a pellet formulation was needed to finally understand the obtained drug 
release profiles. Or in case of the lipid-based drug permeation model, the formation of the drug 
permeation barrier was successfully elucidated during development. Consequently, Raman 
analysis can contribute significantly to the design and fabrication of tailor-made carrier systems 
or permeation assays. Furthermore, the obstacle of applying confocal Raman microscopy to 
the analysis of structured sample surface was solved. Here, the combination with optical 
topography was elementary. The concept was transferred to encompassing investigations. 
Finally, the long time frame required to analyzing biological samples due to their low Raman 
scattering intensity was overcome by using a non-linear coherent Raman technique. 
Overall, all presented studies benefitted tremendously from chemical imaging, as confocal 
Raman microscopy provided important analytical results. The introduced concept of chemical 
imaging was extended continuously from lateral mapping to mapping of structured surfaces 
and virtual cross section imaging. It concluded in imaging with temporal resolution. The benefit 
of integrating the technique rather than its sole use as a stand-alone technique was 
demonstrated. As shown in this thesis, confocal Raman microscopy is well-suited for profound 
analysis of pharmaceutical samples. It represents a promising and versatile analytical 
technique, and although confocal Raman microscopy has not become a state-of-the-art 
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